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e Introduction & Motivation

» Observing technique
- Astrometry & Phase Referencing

e Observations & Results:

- 3D Space Motion of M33
- Geometric Distance to M33
- 3D Space Motion of IC 10

e Summary & Outlook
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INVESTIGATIONS ON PROPER MOTION

TENTH PAPER: INTERNAL MOTION IN THE SPIRAL NEBULA
MESSIER 33, N.G.C. 508

By ADRIAAN VAN MAANEN

ABSTRACT

Measures of inlernal molion in the spiral webula M 33 (NG.Co 5 077770 i s
of two photographs taken in rgro and rgzz by Ritchey and Huma )
gives, with respect to twenty-four comparison stars, the annual prof

nebula, p =-4oloos, uy=—oTooq, and the motions of 300 nebLRar |

this motion.  The internal motions are shown on Plate XX, They ¢

as & rotation or as a motion outward along the arms of the spira ;
latter, Taken asa rotation, the motions indicate periods from fo,000  ©

Realitv of meastred displocements in ¢ pivals —A summary of the
spirals, M 33, 51, 63, 81, 04, 101, and N.G.C. 2403, shows that the dis
cannot have been caused by (g) the telescope, (8) the quality of :
measuring instriument, (d) the measurer.  Apparently they must bea - -
senting actual internal motion. As such they are in agreement wi o7
cosmogony lately proposed by Jeans,

Porallaxes of the larger sporal nebulse—These seem to lie bet
thousandths and a few thousandths of a second of arc.  The corresp
range from several light-vears to severs]l hundred light-years. The
therefore enormous as compared with our solar system, but small in cor |
gystem of the Milky Way,

In 1921 a preliminary note on the internal motion i &
was published in the Proceedings of the National Academ |
it included measures of thirty nebulous points on two :

. =

at the z5-foot focus of the 6o-inch reflector and of twen - / yf
on the photographs taken at the 8o-foot focus of the oy I
ment. The measures were all made with the monoc : f
ment of the Zeiss stereocomparator, while those plann o fh
hundred nebular points on the first pair of plates we R S
until the new stereocomparator, then under construction i 5 e +
ment shop of the observatory, should be completed.
was finished, the plate taken by Mr. Duncan in 1g2o 'f. :
tally broken by him and it was necessary to wait untila '

could be made. This was secured by Mr. Humason ¢

* Contributions from the Mouni Wilson Observatory, Wo. 260,
: M Wilsen Comm., No. 71, F

264
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* 1920s: Are ‘spiral nebulae’ external galaxies?

- Curtis: Yes!
- Shapley: No!

* Hubble found Cepheids in M31!

* Motions and geometric distances
of nearby galaxies is one goal of
future astrometry missions (€.g.

Gaia & SIM)
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* dynamics needed to estimate mass distribution
» only radial velocities of galaxies known

* Local Group Timing (Kahn & Woltjer 1959)
- Milky Way and Andromeda (M31) have probably formed nearby
and completed the larger part of at least one orbit.

- Keplers law gives a mass of > 2x10° M for the Local Group
assuming zero proper motion of M31

- dark matter needed
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 proper motions needed, but not easy:

Photographic plates (50 years): 0.56+0.25 mas/yr for Sculptor dwarf
galaxy at 88 kpc (Schweitzer et al. 1995)

HST: 0.61 + 0.23 mas/yr for Fornax dwarf at 140 kpc (Dinescu et al. 2004)

0.55 £ 0.23 mas/yr for Ursa Minor at 63 kpc (Piatek et al. 2005)
LMC (Kallivayalil et al. 2006)

SMC (Kallivayalil et al. 2006)

Canis Major (Dinescu et al. 2005)
Sagittarius dSph (Dinescu et al. 2005)
Carina dSph (Piatek et al. 2003)

* limited to closest neighbours of Milky Way (< 150 pc)
impossible for M31 subgroup

Expected proper motions of few 10 gas/yr detectable with VLBI
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* strong and compact radio sources needed

1. Radio cores
* no strong cores in Local Group
* S¢ 4, (M31%) =28+5 ply (Crane et al. 1992)

2. strong maser emission
* H,0O masers known in M33 and IC10
e M33 and IC10 in Andromeda subgroup (~ 800 kpc)
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 Which instrument, EVN or VLBA?
- slow telescopes

EVN: >
_ - fixed scheduling

VLBA: - small telescopes
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Voltage multiplier

Vv,€08 2mv(t-T,) V,COs 2mvt

[ P
L <

r(t)=A-cos(2zvz,)= A-cos(¢;)

| D-§
Geometric Delay: 7, =——
C
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IC10 Proper Motion: 09Febz2001 Source Z2=IC10
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» calibrate phase on nearby source with known position
» transfer phase calibration to target source

takes out most correlator-model errors, atmosphere etc.
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Reference sources:
- most errors scale with the angular distance
- the closer the better

- nearby sources

7

1. ICRF, VLBA (

..........................................................................

Probability

Search radius (deg

(VCSS5; Kovalev et al 2007)
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Reference sources:

- most errors scale with the angular distance
- the closer the better

- nearby sources also important check sources
1. ICRF, VLBA Calibrator Survey (VCS1-VCS)), etc.

2.  Search yourself:
- look for compact NRAO VLA Sky Survey (NVSS) sources
- observe candidates at two frequencyies

- choose compact sources with flat spectrum
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Theoretical astrometric accuracy:

o, = Orean O,y = 0.5Mas SNR = 25
2x SNR

= 0, =~ 10uas
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Dominant source of error:
- inaccurate zenith delay t, at each antenna in correlator-model

- different phase-errors for different sources
A= 2nv-At,sec(Z)

A@,= 2ntv-At,sec(Z,) — degrade image quality
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* Include geodetic-like observations

PLot file version 1 created 09-SEP-2003 14:59:00
CONT: IC10 IPOL 22258.322 MHZ IC10-CL7.ICL001.1
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PLot file version 1 created 09-SEP-2003 14:59:07
CONT: IC10 IPOL 22258.322 MHZ 1C10 GEOD.ICL001.1
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MilliARC SEC
Center at RA 00 20 26.95416200 DEC 59 17 28.8520100
Cont peak flux = 7.2400E-01 JY/BEAM
Levs = 2.500E-02 * (-2, -1.41,-1, 1, 1.414, 2,
2.828, 4, 5.657, 8, 11.31, 16, 22.63, 32, 45.25,
64, 90.51, 128, 181.0, 256, 512, 724.1, 1024)

-
| | | 1 | | | |
I I 1 1 I I

4 3 2 1 0 -1 -2
MilliARC SEC
Center at RA 00 20 26.95416200 DEC 59 17 28.8520100
Cont peak flux = 8.2934E-01 JY/BEAM
Levs = 2.500E-02 * (-2, -1.41,-1,1,1.414, 2,
2.828, 4, 5.657, 8, 11.31, 16, 22.63, 32, 45.25,
64, 90.51, 128, 181.0, 256, 512, 724.1, 1024)
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 phase-referencing with VLBA
- strong quasar 1° away
- weak quasar 14’ away :
- two maser regions | . o

M33/19
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e 12 hour observation

1 hour geodetic obs.
4.5 hours phase ref.
1 hour geodetic obs.
4.5 hours phase ref.
1 hour geodetic obs.

 Phase referencing: switching time 30s
‘Q1 —IC133 - Q1 - M33/19-Q1 - Q2 - QI’

* channel spacing of 62.5 kHz <> 0.84 km/s

 two observations within a short time to check accuracy
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Relative motion between IC133 and M33/19 depends only on rotation

Assume Vpee < 20 km/s (radial velocities of maser and H I agree)

Rotation model of HI: Relative proper motions
(Corbelli & Schneider 1997)

InRA: 1064 +£20km/s <  29.9+2 puas/yr

In DEC: 35.0%+20km/s < 9.7 £ 5 pas/yr

v=Dro nmp
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* Accuracy of <10 % possible
- better rotation model (higher resolution H I data)
- new observations and third maser in M33
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® PI‘OpeI’ mOtiOIlZ Vprop: Vobs=Vriot=Vo

RA: Vip=(4.7%x3)—(-18.5£6)— (53 £ 3) pas/yr
=-29.3 £ 7.6 pas/yr
=-101 £ 35 km/s

DEC: V= (-14 £6) — (-22 £ 6) — (-38 £ 2.4) uas/yr
=45.2 £ 9.1 pas/yr
=159 + 47 km/s

Ve = (-179 £ 2) + (140 £ 9) km/s
= -39 + 9 km/s
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Space motion of M33

(Brunthaler et al. 2006)
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IC10 - VCS1 J0027+5958

Observations of IC 10

Us =20+ 6 pas/yr -
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IC10 - NVSS J002108+591132

| | | | |
Wg =23 £ 5 pas/yr
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)
E
e
)
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©
o
Z

E-W offset [mag]

Ko =65 pas/yr
| | | |

2003 2004 2005 2006

— Look at relative motion between IC 10 and check source
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® PI‘OpeI’ mOtiOIlZ Vprop: Vobs=Vriot=Vo

RA: Vip=(6£5)— (8 £6)—(37x4) nas/yr
= -39+ 9 nas/yr
=-122 £ 31 km/s

DEC: Vip=1(23+5)—(3x£6)—(-11 £ 1) pas/yr
=31 £+ 8 pas/yr
=97 £ 27 km/s

Vs = (-344% 3) + (196 £ 10) km/s
=-148 £ 10 km/s
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(Brunthaler et al. 2006)
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Space motion of M31

Separation between M33 and M31
e M31°’s
- n-bo
- dSSUl

100

i)

M31 V; (km s
o

M31V,. . (km s ) al. 2005)
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Space motion of M31

Plane: X-Y
5 Tidally
e M31°’s Stripped
o e Fraction em

~ assun r e 1%

1.C
2.R

3.C

(Loeb et al. 2005)
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Space motion of M31

Y

9

(Loeb et al. 2005)
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e M31’s proper motion important
- n-body simulations of history of M33/M31/MW system
- assume a trial proper motion for M31

1. Calculate orbits 10 Gyr backwards 1n time

2. Run n-body simulations forward
- simulate M33 stellar disk with 100 tracer stars

3. Calculate fraction of tidally stripped stars (from M33)

4. exclude proper motions of M31 with a large amount of
stripped stars

=> V,p> 80 km/s

(Loeb et al. 2005)
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5 [km/s]

g Lkm/s]
M31

M31
|
(&)
o

|
'_\
o
=

150 —100 =50 0 50 100 150 . 150 =100 —50 0 50 100 150
M31 ua[km/s] M31 ua[km/s]

Lower limits:

IC 10 M33

(0.7,1,2.5, 5, 10, 25) x 101! M 4,5,7.5,10,25)x 10" M.
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The mass of M31

Combination of
lower limits and
excluded regions
gives a lower limit

o]
o

7.9% 1011 \Y

M31 s [kms]

I
Ul
-

I
=
-
-

150 —100 -50 0 50 100 150
M31  [knvs]

1x 10'? 2 x10'? 3x 10" 4 x 10'? 5x 10'?
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» Angular rotation of M33 measured (29.9 + 2 nas/yr)

- geometric distance of M33: D =750+ 150 kpc
- consistent with Cepheids and TRGB

« Dynamical models of the Local Group

- space motion of M33: vms; = 190 £ 59 km/s

- space motion of IC10: vicio =215 + 42 km/s

- n-body simulations exclude large parameter space
for motions of M31: vpp> 80 km/s

- total mass of M31 > 7.5 x 10! M.
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Local Group:

* get geometric distance to M33 to < 10%

* use the (very) weak nucleus of M31

* improve simulations of the history of the

* The Local Group 1s not enough!

- First epoch of M&81, M82 observed last winter.
- We will measure motions of M81 and M82 with
accuracies of 30-50 km/s in the next 5 years.

¢
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